Abstract: In this paper the position control of a linear induction motor using adaptive fuzzy backstepping design with integral action is proposed. First, the indirect field oriented control for LIM is derived. Then, an integral backstepping design for indirect field oriented control of LIM is proposed to compensate the uncertainties which occur in the control. Finally, the fuzzy integral-backstepping controller is investigated, where a simple fuzzy inference mechanism is used to achieve a position tracking objective under the mechanical parameters uncertanties. The effectiveness of the proposed control scheme is verified by numerical simulation. The numerical validation results of the proposed scheme have presented good performances compared to the conventional integral backstepping control.
the LIM are similar to the traditional rotary induction motor (RIM), but its control characteristics are more complicated than the RIM, and the motor parameters are time varying due to the change of operating conditions, such as speed of mover, temperature, and configuration of rail.
Field-oriented control (FOC) or vector control [1] [2] [3] of induction machine achieves decoupled torque and flux dynamics leading to independent control of the torque and flux as for a separately excited DC motor. This control strategy can provide the same performance as achieved from a separately excited DC machine. This technique can be performed by two basic methods: direct vector control and indirect vector control. Both DFO and IFO solutions have been implemented in industrial drives demonstrating performances suitable for a wide spectrum of technological applications. However, the performance is sensitive to the variation of motor parameters, especially the rotor time-constant, which varies with the temperature and the saturation of the magnetising inductance. Recently, much attention has been given to the possibility of identifying the changes in motor parameters of LIM while the drive is in normal operation. This stimulated a significant research activity to develop LIM vector control algorithms using nonlinear control theory in order to improve performances, achieving speed (or torque) and flux tracking, or to give a theoretical justifycation of the existing solutions [2, 3] .
Due to new developments in nonlinear control theory, several nonlinear control techniques have been introduced in the last two decades. One of the nonlinear control methods that have been applied to linear induction motor control is the backstepping design [4, 5] . The backstepping is a systematic and recursive design methodology for nonlinear feedback control. This approach is based upon a systematic procedure for the design of feedback control strategies suitable for the design of a large class of feedback linearisable nonlinear systems exhibiting constant uncertainty, and guarantees global regulation and tracking for the class of nonlinear systems transformable into the parametric-strict feedback form. The backstepping design alleviates some of these limitations [6, 7] . It offers a choice of design tools to accommodate uncertainties and nonlinearities and can avoid wasteful cancellations. The idea of backstepping design is to select recursively some appropriate functions of state variables as pseudo-control inputs for lower dimension subsystems of the overall system. Each backstepping stage results in a new pseudo-control design, expressed in terms of the pseudo-control designs from the preceding design stages. When the procedure terminates, a feedback design for the true control input results which achieves the original design objective by virtue of a final Lyapunov function, which is formed by summing up the Lyapunov functions associated with each individual design stage [4] [5] [6] .
In the past years, fuzzy control technique has also been successfully applied to the control of motor drives [8, 9] . The mathematical tool for the FLC is the fuzzy set theory introduced by Zadeh. It can be regarded as nonmathematical control algorithms in contrast to a conventional feedback control algorithm. In the control by fuzzy technique, the linguistic description of human expertise in controlling a process is represented as fuzzy rules or relations. This knowledge base is used by an inference mechanism, in conjunction with some knowledge of the states of the process (say, of measured response variables) in order to determine control-actions. However, the huge amount of fuzzy rules for a highorder system makes the analysis complex. Nowadays, much attention has focused on the combination of fuzzy logic and the backstepping [10, 11] . Fuzzy inference mechanism can arbitrarily approximate nonlinear function and has the superiority of using experiential language information. So, the adaptive fuzzy backstepping controller compensates the uncertainties of the system [11] .
In this paper, we apply the fuzzy integral-backstepping technique to design a speed controller for the linear induction motor. The output of the proposed controller is the current (i qs ) required to maintain the motor speed close to the reference speed. The current (i qs ) is forced to follow the control current by using current regulators. The indirect field-oriented of linear induction machine is presented in section 2, the integral-backstepping technique for LIM control is summarized in section 3. In section 4, the adaptive fuzzy integral-backstepping design for LIM control is derived. Section 6 concludes the paper.
Indirect Field Oriented Control of LIM
The dynamic model of the LIM is modified from traditional model of a three-phase, Y-connected induction motor and can be expressed in the d-q synchronously rotating frame as [ The main objective of the vector control of linear induction motors is, as in DC machines, to independently control the electromagnetic force and the flux; this is done by using a d q − rotating reference frame synchronously with the rotor flux space vector [3] . In ideally field-oriented control, the secondary flux linkage axis is forced to align with the d -axis, and it follows that [2] [3] [4] :
and const
Applying the result of (3) and (4), namely field-oriented control, the electromagnetic force equation become analogous to the DC machine and can be described as follows:
and the slip frequency can be given as follow:
Consequently, the dynamic equations (1) 
The decoupling control method with compensation is to choose inverter output voltages such that:
( )
According to the above analysis, the indirect field-oriented control (IFOC) of induction motor with current-regulated PWM drive system can reasonably presented by the block diagram shown in the Fig. 1 . The difficulties in designing a high-performance controller for the aforementioned ac motor servo system derive from the fact that several unknown parameters and disturbances are related to the mechanical uncertainties. The proposed control system is designed to achieve position tracking objective and described step by step as follows.
For the control objective, the position tracking control, we regard the velocity r v as the "control" variable (called virtual control [12, 13] ). Define the position tracking error signal
Then its error dynamics is
If were r v our control, it then can be chosen as
and
Let us define a virtual control as [14, 15] :
However, o is not real control. Let us define another error as
Then we can obtain
we can rewrite (16) ( )
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The equation (11) can be rewritten as follows
Let us define the following estimations errors ɏ
Then
Let us construct a Lyapunov function [14, 15] ( )
Also it is true that ɏ
as a result ( )
Then, we can obtain 
Choose the external load estimate update law as Any term without 1 J may be rearranged as
As a result 
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Choose the inertia estimate update law as 
Suppose there exists an auxiliary function, f, such that [14] ( )
This auxiliary function is to be determined later. 
The inertia estimate update law becomes ( )
Let us put all the components of q F together:
We choose
Then we get the following 
We can choose 2 2 V e e ∂ = ∂ ,
and we will have then 
Fuzzy Integral-backstepping Control of LIM
In this section, our objective is to find a robust control law based on the controller of the previous section for LIM position tracking. The adaptive fuzzy integral-backstepping controller is proposed. The proposed fuzzyintegral-backstepping controller scheme is shown in Fig. 3 . In which a simple fuzzy inference mechanism can replace the first part of the previous controller. The antecedent and consequent parts of the fuzzy inference are shown in Figs. 4 and 5. In the fuzzy-integral backstepping controller scheme, the error (e) and its first time derivative form the input space of the fuzzy implications of the major switching rule. The triangular membership functions are used for evaluating A j and B k denote the antecedent parameters and C l denotes the consequent parameter. Because the data manipulated in the fuzzy inference mechanism is based on fuzzy set theory, the associated fuzzy sets involved in the fuzzy control rules are defined as follows: The fuzzy rules and parameters of fuzzy inference mechanism for the speed reference generation are shown in Table 1 . [ ]
To prove the rightness and effectiveness of the proposed control scheme, we apply the designed controllers to the position control of the linear induction motor.
First, the simulated results of the fuzzy-integral backstepping control system for periodic sinusoidal and triangular inputs. The position responses of the mover and the control effort are shown in Fig. 6 . From the simulated results, the proposed fuzzy-integral backstepping controller can track periodic step, sinusoidal and triangular inputs precisely. Next, the simulated results of the fuzzyintegral backstepping control system for periodic step, sinusoidal and triangular inputs with parameters variation are shown in Figs. 7, 8 and 9. From the simulated results, the tracking responses of the fuzzy-integral backstepping control system are insensitive to parameter variations. Moreover, the control efforts are larger than for Case 1 due to the existence of parameter variations. Fig. 10 shows the simulated results of the fuzzy-integral backstepping control system for periodic step, sinusoidal and triangular inputs with force loads disturbance application (constant and sinusoidal force load). From simulated results, the tracking responses of the proposed controller are insensitive to force load application. A comparison between the proposed controller (fuzzy-integral backstepping) and the adaptive integral backstepping is shown in Fig. 11 for step and triangular references signal. In Fig. 11 , it can be observed that the position response of the fuzzy-integral backstepping controller present best tracking responses and very robust characteristics and better that the conventional controller.
Conclusion
This paper has demonstrated the applications of a hybrid control system to the periodic motion control of a LIM. First, an integral backstepping controller for LIM control was designed. Moreover, a simple fuzzy inference mechanism was introduced to construct a robust control law based on the conventional controller for LIM position tracking. The control dynamics of the proposed hierarchical structure has been investigated by numerical simulation. Simulation results have shown that the proposed fuzzy-integral backstepping controller is robust with regard to parameter variations and external load disturbance. Finally, the proposed controller provides drive robustness improvement and assures global stability. 
